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Epistasis in an Elite Maize Hybrid and Choice of Generation for Inbred
Line Development
Abstract
Second cycle breeding, utilizing backcross and F2 generations, has become the predominant type of line
development program in the U.S. maize (Zea mays L.) industry. Epistasis and linkage have been identified as
possible limits to progress from selection in F2 and backcross populations. Objectives of this study were to
determine the importance of epistasis in an elite maize hybrid and to determine the appropriate generation for
initiation of inbred line development. Six generations of progeny were developed from B73 and B84: the two
parental generations, Pl (B73) and P2 (B84); the F2 generation [(B73 × B84) F2]; the BCP1 generation
[(B73 × B84) × B73]; the BCP2 generation [(B73 × B84) × B84]; and the F2-Syn 8 generation (the F2
generation random mated for eight generations). Testcross progeny were produced by crossing random S9
plants from each of the six generations onto the inbred tester Mo17. One-hundred progeny of F2 × Mo17 and
F2-Syn 8 × Mo17 and 50 progeny of BCP1 × Mo17 and BCP2 × Mo17, as well as the parental testcrosses, were
harvested. The experiment was evaluated at four locations in 1990 and three locations in 1991. Epistatic
effects were significant for grain yield and grain moisture, and accounted for 21 and 18% of the variation
among generation means, respectively. The genetic variance and heritability for grain yield ranked F2-Syn 8 >
F2 > BCP1 > BCP2, but differences among generations were not significant. The predicted gains for each
generation ranked in agreement with the heritability. Under low selection intensities (a = 20%), the predicted
mean (usefulness) ranked the generations BCP22 > F2 >> F2-Syn 8 > BCPI. Under high selection intensity (a
= 1%), usefulness ranked the generations F2 > F2-Syn 8 > BCP2 > BCP1. The choice between F2and
backcrosses as source populations is primarily a function of selection intensity. Our results suggest little to no
advantage of random mating the F2 before initiating selection and inbreeding.
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Epistasis in an Elite Maize Hybrid and Choice of Generation
for Inbred Line Development
Kendall R. Lamkey,* Bruce J. Schnicker, and Albrecht E. Melchinger
ABSTRACT
Second cycle breeding, utilizing backcross and F2 generations, has
become the predominant type of line development program in the
U.S. maize (Zea mays L.) industry. Epistasis and linkage have been
identified as possible limits to progress from selection in F2 and back-
cross populations. Objectives of this study were to determine the
importance of epistasis in an elite maize hybrid and to determine the
appropriate generation for initiation of inbred line development. Six
generations of progeny were developed from B73 and B84: the two
parental generations, Pl (B73) and P2 (B84); the F2 generation [(B73
× B84) F2]; the BCP~ generation [(B73 × B84) × B73]; the BCP2
generation [(B73 × B84) × B84]; and the F2-Syn 8 generation (the
F2 generation random mated for eight generations). Testcross progeny
were produced by crossing random So plants from each of the six
generations onto the inbred tester Mo17. One-hundred progeny of F2
× Mo17 and F2-Syn 8 × Mo17 and 50 progeny of BCP~ × Mo17 and
BCP2 × Mo17, as well as the parental testcrosses, were harvested.
The experiment was evaluated at four locations in 1990 and three
locations in 1991. Epistatic effects were significant for grain yield and
grain moisture, and accounted for 21 and 18% of the variation among
generation means, respectively. The genetic variance and heritability
for grain yield ranked F2-Syn 8 > F2 > BCP~ > BCP~, but differences
among generations were not significant. The predicted gains for each
generation ranked in agreement with the heritability. Under low selec-
tion intensities (a = 20%), the predicted mean (usefulness) ranked
the generations BCP2 > F2 > F~-Syn 8 > BCPI. Under high selection
intensity (~t = 1%), usefulness ranked the generations F2 > F2-Syn 8
> BCP~ > BCP~. The choice between F2 and backcrosses as source
populations is primarily a function of selection intensity. Our results
suggest little to no advantage of random mating the F2 before initiating
selection and inbreeding.
MODERN MAIZE BREEDING is based on work con-ducted by Shull (1909) and East (1908). The first
inbreds (referred to as first-cycle inbreds) were developed
from open-pollinated varieties and were used primarily to
produce double-cross hybrids. Because of limited genetic
improvement from recycling open-pollinated varieties
(Hallauer, 1990), the emphasis switched to making im-
proved versions of these inbreds or second cycle inbreds,
by crossing them to form new populations (usually F2
or backcross) for further inbreeding and selection. This
process, called second-cycle breeding is now a common
practice among maize breeders (Hallauer, 1990). Sec-
ond-cycle breeding is characterized as the improvement
of an elite inbred through the addition of favorable alleles
from a complementary inbred. Two of the more im-
K. R. Lamkey, USDA-ARS, Dep. of Agronomy, Iowa State Univ., Ames,
IA 50011; B. J. Schnicker, Cornnuts, Inc., P.O. Box 38192, Urbana,
OH 43078; A. E. Melchinger, Inst. of Plant Breeding, Seed Sci., and
Population Genetics (350/1), Univ. of Hohenheim, 70593 Stuttgart, Ger-
many. Joint contribution from the Field Crops Res. Unit, USDA, ARS,
Dep. of Agronomy, Iowa State Univ., and Journal Paper no. J-16029 of
the Iowa Agric. and Home Economics Exp. Stn. Project no. 3082. Part
of a thesis submitted by B. J. Schnicker in partial fulfillment of the
requirements for the Ph.D. degree. Received 29 Sept. 1994. *Correspond-
ing author (krlamkey@iastate.edu).
Published in Crop Sci. 35:1272-1281 (1995).
portant decisions in second cycle breeding are the choice
of inbreds to include in the cross and type of segregating
population to develop from the cross. Dudley (1987)
and Gerloff and Smith (1988) have developed theory 
aid in the choice of the best inbred to improve the parents
of a single-cross hybrid.
Dudley (1982) developed theory regarding the type
of segregating population in which to initiate selection.
Previous surveys had indicated that F2 and backcross
populations were most frequently used in practice. Dud-
ley generalized that the advantage of using backcross
populations was dependent on the degree of dominance
and the divergence of the parents. Dudley presented his
theory based on the performance of the populations per
se and assumed that epistasis was negligible.
Melchinger (1987) presented theory for comparing
means and variances of testcrosses produced from F2 and
backcross populations considering linkage and epistatic
effects. Melchinger suggested that the choices among
types of segregating populations should be based on
the distributions of testcrosses in the first segregating
generation and usefulness (Schnell, 1983) estimates.
Generally, the F2 population was superior when the
F2 and backcross generation testcross means were not
significantly different and the heritability and selection
intensity were high. However, little empirical evidence
is available regarding Melchinger’s theory.
The ideal segregating population has a high mean for
the trait of interest and adequate genetic variance to
enable progress from selection. With elite by elite
crosses, the F2 population is expected to be superior in
the absence of epistasis. Therefore, random mating the
F2 population to increase the genetic variance should be
advantageous.
The objectives of our study were (i) to estimate and
compare genetic parameters for the testcross progenies of
the F2, F2-Syn 8, and first backcross generations of the
inbred lines B73 and B84; (ii) to determine the importance
of epistasis in the testcross generations derived from inbred
lines B73, B84, and Mo17; and (iii) to recommend the
superior type of segregating population to develop from
the cross of elite inbred lines B73 and B84.
MATERIALS AND METHODS
Genetic Materials
Inbreds used in this experiment were the yellow dent maize
inbreds B73, B84, and Mo17. Inbred B73 was selected from
BSSS(HT)C5 (Russell, 1972). Inbred B73 is recognized in 
hybrid seed corn industry by its erect leaves and excellent
combining ability. Inbred B84 was derived from BS13(S)C0
(Russell, 1979). The inbred Mo17 is classified as a ’Lancaster
Sure Crop’ type and was developed from the cross of CI187-2
× C103 by pedigree selection (Zuber, 1973). The inbred B84
combines well with B73 despite their common background
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and frequently is higher yielding than B73 in single-cross
hybrids with Mo17.
Six generations of progeny were developed from B73 and
B84: the two parental generations, P1 (B73) and P2 (B84),
the F2 [(B73 × B84) F2], the F2-Syn 8 generation [(B73 
B84) F2-Syn 8], the BCPI generation [(B73 × B84) × B73],
and the BCP2 generation [(B73 × B84) × B84]. The 
population was developed by self-pollinating random plants in
the F~ hybrid. The FE-Syn 8 population was developed by random
mating the F2 progeny to produce F2-Syn 1, random mating
F2-Syn 1 to produce F2-Syn 2, etc., until the eighth generation
of random mating. The random-mating procedure was de-
scribed by Covarrubias-Prieto et al. (1989) and involved mak-
ing crosses among 250 plants. The BCPt population was devel-
oped by crossing random Ft hybrid plants to B73. The BCP2
population was developed by crossing the F~ hybrid to B84.
Testcross progeny were developed in the 1989 breeding
nursery near Ames, IA, by crossing random plants from each
of the six generations with inbred Mo17. All crosses were
harvested and 100 progeny each of F2 × Mo17 and FE-Syn 8
× Mo17 and 50 progeny each of BCP~ × Mo17 and BCP2
× Mo17 were randomly selected with the restriction that each
progeny have enough seed for evaluation.
Field Evaluation
These 300 entries, as well as three entries per parental
testcross, were evaluated in a 17 × 18 generalized or(0,1)
lattice experimental design with two replications (Patterson
and Williams, 1976). Testcrosses were evaluated at Ames,
Ankeny, Crawfordsville, and Martinsburg, IA, in 1990 and
at Ames, Crawfordsville, and Martinsburg in 1991 for a total
of seven environments. Experimental plots were two rows,
5.49 m long with 0.76 m between rows. Plots were overplanted
and thinned at the four to seven leaf stage to a uniform stand
density of 62 190 plants ha- t. Plots were machine planted and
harvested without gleaning for dropped ears. Data collected
on plots were machine harvestable grain yield (Mg ha-~) ad-
justed to 155 g kg-~ grain moisture, grain moisture concentra-
tion (g kg-~) at harvest, root lodging (percentage of plants
leaning more than 30° from vertical), stalk lodging (percentage
of plants with broken stalks at or below the highest ear-bearing
node), ear height (cm), pollen date (days after June 30-50%
of plot shedding pollen), and silking date (days after June 30-
50% of plot with emerged silks). Ear heights were calculated
as the average of measurements from ground level to the
highest ear-bearing node on 10 competitive plants per plot
after anthesis. Grain yield, grain moisture, root lodging, stalk
lodging, and ear height were recorded at all environments. Pollen
and silking dates were recorded at Ames in 1990 and 1991.
Statistical Analysis
Individual environments were analyzed by using the analysis
for a rectangular lattice. Means adjusted for lattice block effects
were used to calculate the combined analysis of variance over
environments (year-location combinations). All main effects
and interaction effects were considered random. Sums of
squares and degrees of freedom for the’genotype and genotype
x environment sources of variation in the combined analysis
were partitioned by calculating sums of squares for among
testcrosses within F2, F2-Syn 8, BCP~, and BCP2, and single
degree of freedom contrasts among the testcross generation
means. Entry mean squares were tested for significance by
using the corresponding genotype × environment mean
squares. Genotype × environment mean squares were tested
for significance by using the effective error mean square.
Contrast mean squares were tested for significance by using
the residual genotype × environment mean square. The vari-
ances of generation means across environments were calculated
as the entry mean square for the appropriate generation divided
by the number of observations in the mean.
Testcross progeny components of variance for F:, F~-Syn
8, BCP~, BCP2, and BC (pooled over BCP~ and BCP~) popula-
tions were calculated by equating observed with expected
mean squares. The genetic expectations of the genetic variance
components are given in Table 1. Approximate 90% confidence
intervals were calculated for genotypic and genotype × envi-
ronment components of variance by the method outlined by
Knapp et al. (1987). Heritability was calculated on a testcross
progeny mean basis as the ratio of genotypic to phenotypic
variance. Exact 90% confidence intervals were calculated for
heritability by the method outlined by Knapp et al. (1985).
Differences between generations for estimates of variance com-
ponents and heritability were declared significant when the
confidence intervals for the two generations did not overlap.
Phenotypic correlations between traits were calculated as
the phenotypic covariance between the traits divided by the
square root of the product of the individual trait phenotypic
variances. Genotypic correlations between traits were calcu-
lated similarly, with genetic sources, and were only calculated
when the estimates of genetic variances for both traits were
significantly greater than zero.
Testcross means of P1 × Mo17, P2 × Mo17, F: × Mo17,
F2-Syn 8 × Mo17, BCP~ × Mo17, and BCP2 × Mo17 popula-
tions averaged over environments were used to estimate genetic
parameters in the models developed by Melchinger (1987).
Two models were fit to the data. Model 1 allows for linkage,
but not epistasis:
Y= mr + x(dr);
where
Y = generation testcross mean;
mr = testcross mean of the F2 population in gametic
equilibrium;
(d~) = ~ 0
®j = + 1 if P1 contains the favorable allele at locus
j and - 1 otherwise;
df = half the average effect of a gene substitution
at locusj in the F2 testcross population; and
x = coefficient that is generation dependent and is
given in Table 1.
Superscript T denotes parameters that are intrinsic to the tester
used in the study. Model 2 allows for epistasis, but not linkage:
Y = mT d- x(dr) + x2(iT);
where
(i r) = ~,q <k OjOki~; and
i t = additive by additive epistatic effect between
loci j and k.
The genetic expectations of the generation means are given
in Table 1. The models indicate that the backcross generation
testcross can contain at a maximum, half the main effect (dr)
and a fourth the epistatic effect (it) contained within the parental
testcross. Similarly, the backcross generation testcross differs
from the F2 generation testcross by a maximum of half the
main effect and a fourth the epistatic effect.
The genetic parameters for both models were estimated by
weighted least squares:
~ ---- (X’WX)-1 (X’WY) 
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Table 1. Genetic expectations for the mean and variance of the six generations for Model 1 and Model 2.
Generation x Mean
Genetic expoctation~"
Variance
Model I-linkage and no epistasis
Pl 1 mr +
J
P2
- 1 mT - ~,,Ojd[
J
mrF2 0
mrF2-Syn 8 0
BCP, 0.5 mr + ~Ojdf
BCP2 -0.5 mr- l~o~df2~
Model 2-ep~ ~d no l~age
P1 1 m~ + ~O~d~ + ~O~O~dfi~j
j
m~
~ 0
mT
~-Syn8 0
1BCP, 0.5 m~ + -~O~d) + ~ ~O~O~dfi~
2 ~ 4j,~
1 d~
~cp~
-0.5 m~- ]~o~ ~ + [ ~o~o~a~i~4~.t
"~mr = testcross mean of the F2 population in gametic equilibrium.
0~ = + 1 ff P1 contains the favorable allele at locus j and - 1 otherwise.
df = half the average effect of a gene substitution at locus j in the F2 testcross population.
k = 1-2r, where r is the recombination value between locus j and k.
A~ = + 1 for coupling linkage and - 1 for repulsion linkage in the parents.
~ = additive by additive epistatic effect between loci j and k.
where
~ = columnvectorofestimatedgeneticparameters;
X = a matrix with elements that are a function of
the generation;
W = a matrix with the inverse of the variances of
the generation means on the diagonal and
zero on the off diagonal; and
Y = column vector of testcross generation means.
Standard errors of parameter estimates were computed as the
square root of the associated diagonal element of the (X’WX)-1
matrix. The adequacy of the model was tested with a Chi-square
test (Mather and Jinks, 1982):
~,2 = ~][(0 -- E) 2 × V];
where
0 = observed testcross generation mean;
E = expected testcross generation mean; and
V = the inverse of the variance of the testcross
generation mean.
Predicted selection responses for selection intensities of 1
and 20% were calculated for each testcross generation (F2,
F2-Syn 8, BCPI, BCP2) by the following formula (Falconer,
1981, p. 175):
AG(a) kaogh,
where
k~ = standardized selection differential for selection
intensity
Og = genotypic standard deviation, and
h = square root of the heritability.
Approximate 90% confidence intervals were calculated for
AG by using the method outlined by Bridges et al. (1991).
Predicted selection responses were used to calculate use-
fulness as proposed by Schnell (1983). Usefulness, which
predicts the genotypic mean of the upper ¢t % of the distribution,
was calculated as:
U(0t) = + AG(a);
where
Y = mean of unselected population.
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Table 2. Means of testcross progeny with standard errors for PI, P2, F2, F2-Syn 8, BCP1, and BCP2 generations and genetic effects
with standard errors estimated from testeross generation means analysis for traits evaluated at seven environments.
Grain Lodging Date~"
Ear
Generation Yield Moisture Root Stalk height Pollen Silking
Testcross means
Mg ha-1 g kg-t % cm -- Days after June 30 --
Pl 6.78 + 0.15 166 + 1.7 2.0 ± 0.50 9.3 + 1.11 116 + 0.8 20.9 + 0.22
P2 7.73 + 0.15 170 ± 1.7 2.3 + 0.50 14.7 + 1.11 124 + 0.8 21.7 ± 0.22
P (pooled) 7.26 + 0.11 168 + 1.2 2.2 + 0.36 12.0 + 0.78 120 ± 0.6 21.3 + 0.15
F2 6.98 ± 0.03 167 ± 0.7 1.9 + 0.04 13.8 + 0.21 121 + 0.5 21.4 + 0.05
F2-Syn 8 6.71 + 0.04 165 5= 0.6 2.0 + 0.04 13.0 + 0.25 118 ± 0.4 21.1 + 0.06
BCPt 6.83 + 0.04 167 + 0.7 1.6 + 0.05 13.0 ± 0.28 119 + 0.5 21.2 ± 0.07
BCP2 7.14 ± 0.04 170 + 0.7 2.1 + 0.05 14.7 + 0.25 122 ± 0.5 21.4 + 0.08
BC (pooled) 6.98 + 0.03 168 ± 0.5 1.8 ± 0.04 13.8 + 0.18 120 + 0.3 21.3 + 0.05
Genetic effects~
22.7 :t: 0.27
23.6 + 0.27
23.1 ± 0.19
23.1 :t: 0.06
23.0 ± 0.07
23.0 + 0.07
23.2 ± 0.09
23.1 ± 0.06
Model 1
mr 6.92 + 0.02 167 + 0.3 1.9 + 0.02 13.6 + 0.12 120 + 0.2 21.3 + 0.03 23.1 ± 0.03
dr -0.36 + 0.05 -3 + 0.8 -0.5 + 0.07 -1.9 + 0.33 -4 ± 0.4 -0.3 + 0.09 -0.3 + 0.10
Z2 (4) 49.0* 14.2"* 15.2"* 13.2"* 23.4** 16.6"* 2.21
R 2 48.1 47.1 76.1 71.6 74.9 38.7 ’ 76.9
Model 2
mr 6.86 + 0.02 167 + 0.4 1.9 + 0.03 13.7 + 0.15 120 + 0.3 21.25 + 0.04 23.1 + 0.04
dr -0.36 + 0.05 -3 + 0.8 -0.5 + 0.07 -1.9 + 0.33 -4 + 0.4 -0.28 ± 0.09 -0.3 + 0.10
ir 0.43 + 0.08 3 + 1.3 -0.3 + 0.17 -0.5 + 0.66 0 + 0.7 0.12 ± 0.14 0.0 + 0.17
Z2(3) 29.2** 9.4* 11.6"* 12.7"* 22.9** 15.9"* 2.21
R2 69.1 65.3 81.9 72.6 75.4 41.2 77.0
*, ** Significant at the .05 and .01 probability levels, respectively.
Evaluated at two environments.
mr - testcross mean of the F2 population in gametic equilibrium
r 
=
0j = + 1 if P1 contains the favorable allele at locus j and - 1 otherwise;
dT = half the average effect of a gene substitution at locus j in the F2 testcross populationT) 
=
i]~ = additive by additive epistatic effect between loci j and k.
ff = Observed Chi-square lack of fit.
R2 = Proportion of the total sums of squares accounted for by the model.
The usefulness statistic is more appropriate than using the
predicted selection response alone because it accounts for the
mean and the genetic variance of the population (Melchinger
et al. 1988).
RESULTS AND DISCUSSION
Means
The Ames location in 1991 had the highest mean grain
yield (9.33 Mg ha-t) and moisture (203 g kg-l). The
Crawfordsville location in 1991 had the lowest mean
grain yield (5.29 Mg ha-l), which was attributed to lack
of moisture during pollination and grain fill. Expression
of root lodging was generally poor except at Ankeny
and Crawfordsville in 1990. Stalk lodging expression
was good across all environments. Pollen and silking
dates were 14 d earlier in 1991 than in 1990.
Testcross means of P2 were significantly (P _< 0.05)
greater for grain yield, stalk lodging, ear height, and
silking date than P1 testcrosses (Table 2). The
Syn 8 testcrosses had significantly lower means for grain
yield, grain moisture, stalk lodging, ear height, pollen
date, and silking date than the F2 generation testcrosses.
The testcross means for the BCP1 were significantly
different from the BCP2 for all traits. Significant genotype
x environment interactions were detected for grain yield,
grain moisture, root lodging, ear height, and silking
date.
The non-epistatic model (Model 1) explained 39 
77% of the variation among generation means (Table
2). The ~2 goodness of fit was significant for all traits
except silking date, indicating that the additive effects
alone did not fully account for the variation among
generation means. Inclusion of digenic epistatic effects
significantly improved the fit for grain yield and grain
moisture, although the ~2 for goodness of fit was still
significant. Additive effects were significant for all traits
in Model 2, and epistatic effects were significant for
grain yield and grain moisture.
The importance of epistasis in elite maize hybrids is
largely unknown. Epistasis in maize has generally been
estimated by application of mating designs to estimate
components of variance in random mating populations
(Hallauer and Miranda, 1988) or by the per se perfor-
mance of generations derived from the F1 cross of two
inbreds (generation means analysis, Mather and Jinks,
1982). In neither instance is the reference population for
the models reflective of elite maize hybrids. The refer-
ence population for Melchinger’s (1987) model used 
our study, is the F2 testcross population in gametic phase
equilibrium. If the parental inbreds of the F2 are chosen
to be from the same heterotic group and the tester is
chosen to be from the opposite heterotic group, then
inferences from the analysis of testcross generation
means are directly applicable to elite maize hybrids.
The results of fitting Models 1 and 2 to the six genera-
tion means for grain yield are shown graphically in Fig.
1. Model 1, which allows linkage, but not epistasis,
explained 48% of the variation among the generation
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Fig. 1. The results of fitting Models 1 and 2 to the six testcross
generation means. Testcross performance of yield is plotted against
the percentage of B73 germplasm in the population.
means, but had a highly significant lack-of-fit. Model
2, which allows epistasis, but not linkage, detected sig-
nificant epistatic effects and explained 69 % of the varia-
tion among the generation means. These results indicate
that unlinked additive × additive epistatic effects account
for 21% of the variation among generation means. The
significant lack-of-fit to Model 2 suggests that other
epistatic effects, both linked and unlinked, are also im-
portant in this population.
The results are evidence that favorable epistatic gene
combinations have been accumulated in B73 and B84.
If positive net epistasis has been fixed in the pare__nts,
then the testcross generation means should rank P >
BC > F2. The parental testcross mean (~) for grain yield
(7.26 Mg ha-~) was significantly greater than the
BC mean (6.98 Mg ha-1) and the F2 mean (6.98 Mg
ha-l). The BC mean and the F2 mean were identical,
however. The lack of difference between the BC and F2
means was unexpected because backcrossing offers less
opportunity for recombination than the F2 generation and
a lower risk of epistatic recombination loss (Melchinger
et al., 1988). Backcrossing, however, recovers at most
25% of the epistasis that was lost between the FI and
F2 generation. Our results indicate that the epistasis fixed
in the parents was not recovered by one generation of
backcrossing or that there was a canceling of positive
and negative epistatic effects. A limitation of measuring
epistasis by using generation means is that only net
epistatic effects are detected.
Epistatic effects (i r) were also significant for grain
moisture and accounted f_or 18 % of the variation among
generation means. The P mean was equal to the BC
mean (168 g kg-l), but the BC mean was significantly
greater than the F2 mean (167 g kg-~). These results are
similar to those found for grain yield. For traits other
than grain yield and moisture, epistatic effects were
nonsignificant, and except for pollen date, the nonepi-
static model (Model 1) explained 72 to 77% of the
variation among eneration means. The significant lack-
of-fit to Model 2 for these traits is evidence of linked
epistatic effects. Linked epistatic effects, however, are
relatively unimportant for these traits because the range
among the six generation means is small from an agro-
nomic point of view. Therefore, the means of the BC
and F2 generations can be predicted reliably from the
parental testcross means.
The significant lack-of-fit to Model 1 for all traits,
except grain yield and silking date, can be explained by
the inclusion of the F2-Syn 8 generation in the model.
When the F2-Syn 8 generation is excluded from the
model, the lack-of-fit to Model 1 is nonsignificant for
all traits except grain yield, and the model explained
from 82 to 96% of the variation among eneration means.
Furthermore, when Model 2 is fit to the data set excluding
the F2-Syn 8 generation, the lack-of-fit is nonsignificant
for all traits and significant epistatic effects were detected
only for grain yield. These results are similar to those
reported by Melchinger et al. (1988), who did not include
a random-mated F2 generation.
An assumption of the models used to detect and esti-
mate epistasis is that allelic frequencies at loci segregating
for quantitative trait loci are in agreement with the ex-
pected frequencies for each of the generations. If allelic
frequencies changed because of natural or unconscious
selection during random mating to produce the F2-Syn
8, then the resulting changes in performance of the
F2-Syn 8 generation would result in the detection of
epistasis even ifepistasis were not present. Schnell (1984)
has demonstrated that changes in allelic frequency due
to unconscious selection can mimic epistasis. We have
no compelling evidence that allelic frequencies have
changed with random mating. Testcross genetic variance
is at a maximum when allelic frequencies equal 0.5
and is expected to decrease with any change in allelic
frequency. We observed an increase in genetic variance
with random mating. This suggests that there has been
little change in allelic frequencies with random mating,
unless any decrease in genetic variance was counterbal-
anced by an increase in genetic variance due to the
breakup of repulsion phase linkages.
Melchinger (1987) showed that the comparison 
F~ testcrosses with F~ (recombinant inbred) testcrosses
provides one of the most sensitive tests for detecting
linked epistatic effects. Theoretically, random mating
the F2 generation one or more times before producing
testcrosses is more sensitive for detecting epistasis than
evaluating F,. testcrosses0 Our empirical results demon-
strate the power of random mating for detecting linked
epistatic effects. Covarrubias-Prieto et al. (1989) re-
ported a significant linear decline in the performance of
the (B73 × B84) F2 population per se with six generations
of random mating. If per se results are indicative of
testcross results, then two or three generations of random
mating should be sufficient for detecting linked epistatic
effects.
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Genetic Variance, Heritability,
Selection Response, and Usefulness
Estimates of genetic variance for grain yield were
significantly greater than zero for all generations except
BCP2 (Table 3). The genetic variance for grain yield
ranked F2-Syn 8 > F2 > BCP1 > BCP2; however, the
differences among enerations were not significant. The
difference in genetic variance between the F2-Syn 8 and
BC was significant. Estimates of genotype x environ-
ment interaction variance for grain yield were signifi-
cantly greater than zero for all generations. The estimate
of genotype x environment interaction variance for the
BCP2 generation was twice as large as for the other
generations.
Comparison of genetic variances among testcross gen-
erations also provides a test for the presence of epistasis.
Melchinger et al. (1988) showed that the backcross gener-
ation genetic variance estimates should be equal in the
absence of epistasis. The difference between the BCP1
and BCP2 estimates of genetic variance for grain yield
was not significant. The expected ratio of the BCPI,
BCP2, and the BC genetic variance to the F2 genetic
variance is 0.50 in the absence of epistasis and increases
to 0.58 for equal contributions of nonepistatic and epi-
static effects (Melchinger et al., 1988). Based on the
results of means comparison indicating the presence of
epistasis, the expected value of the ratio should be near,
but less than 0.58. The observed ratios for grain yield
of 0.32 and 0.42 for the BCPI:F2 and BC:F2 fall outside
the expected ratio range. This could be an indication of
failure of the model, but is more likely due to poor
estimates of the backcross generation variance compo-
nents. The failure of the variance component data to
support the means data may be a function of the inherent
difficulty in estimating variance components and the rela-
tively small sample sizes used in the BCP~ and BCP2
generations.
The BCP2 genetic variance component estimate was
Table 3. Estimates of variance components and heritabilities with confidence intervals for testcross progenies of the F2, F2-Syn 8, and
first backcross generations evaluated at seven environments.
Confidence lmts’~ Confidence lmts~" Confidence lmts~Genotype
Genetic Lower Upper x Lower Upper Lower Upper
Trait Generation variance limit limit env. var. limit limit h2 limit limit
Grain yield§ (Mg ha-1) F2 5.80 3.38 9.21 6.17 1.91 11.08 48.3 32.5 59.4
F2-Syn 8 9.02 6.01 13.32 5.83 1.59 10.71 59.5 47.1 68.1
BCPI 3.06 0.34 7.40 8.67 2.65 15.82 31.9
- 0.5 51.3
BCP2 1.85 - 0.91 6.12 15.96 8.89 24.15 19.6 - 18.6 42.5
BC(pooled) 2.46 0.45 5.19 12.31 7.53 17.76 25.8 3.1 41.6
BC:F2¶ 0.42 0.53
Grain moisture (g kg-t) F2 43.6 33.3 58.5 23.0 16.8 30.1 82.3 76.9 86.1
F2-Syn 8 30,7 23.1 41.8 16.6 10.9 23.0 78.4 71.8 83.0
BCP1 18.2 11.1 30.2 17.4 9.5 26.7 68.1 52.9 77.2
BCP2 14.0 8.4 23.5 7.7 1.1 15.5 66.2 50.1 75.8
BC(pooled) 16,1 11.4 22.9 12.5 7.2 18.6 67.2 57.2 74.2
BC:F2 0.37 0.82
Root lodging (%) Fe 0.22 0.03 0.50 0.86 0.37 1.42 23.9 0.6 40.1
Fe-Syn 8 0.18 - 0.05 0.50 2.12 1.53 2.80 17.0 - 8.4 34.7
BCP~ - 0.06 - 0.22 0.16
- 0.37 - 0.85 0.24 - 13.3 - 67.2 18.9
BCPe - 0.04 - 0.25 0.28 0.90 0.23 1.68 - 5.2 - 55.2 24.7
BC(pooled) - 0.05 - 0.18 0.12 0.26 - 0.18 0.76 - 8.6 - 41.8 14.6
BC:F2 - -
Stalk lodging (%) F2 0.81 - 0.12 2.07 - 1.75
- 4.30 1.27 18.6 - 6.3 36.0
F2-Syn 8 2.93 1.63 4.76 - 2.23 - 4.74 0.75 45.7 29.0 57.3
BCP~ 0.28 - 0.87 2.00 - 1.99 - 5.10 1.98 7.3 - 36.8 33.7
BCPe - 1.02 - 2.07 0.40 1.85 - 1.83 6.35
- 33.6 - 97.1 4.4
BC(pooled)
- 0.37 - 1.17 0.63 - 0.07 - 2.75 3.08 - 10.9 - 44.9 12.8
BC:F~ - -
Ear height (cm) F2 20.8 16.4 27.2 0.89 -0.41 2.40 91.8 89.3 93.5
F2-Syn 8 16.4 12.9 21.6 0.83 - 0.46 2,34 89.9 86.8 92.0
BCP~ 10.2 7.0 15.7 2.47 0.56 4.75 83.0 75.0 87.9
BCP~ 8.5 5.8 13.1 1.08
- 0.63 3.17 81.8 73.1 87.0
BC(pooled) 9.4 7.2 12.6 1.78 0.40 3,36 82.5 77.1 86.2
BC:F~ 0.45 0.90
Pollen date# F2 0.15 0.08 0.23 0.05 - 0.02 0.13 49.5 29.7 63.8F2-Syn 8 0.25 0.17 0.37 0.01 - 0.04 0.09 65.9 52.4 75.5
BCP1 0.13 0.04 0.24 - 0.01
- 0.08 0,10 51.3 21.8 69.7
BCP2 0.13 0.03 0.27 0.07
- 0.02 0.21 45.9 13.0 66.3
BC(pooled) 0.13 0.07 0.21 0.03 - 0.03 0.11 48.4 28.0 63.0
BC:F~ 0.87 0.98Sllking date# Fe 0.14 0.06 0.24 0.04 - 0.04 0.15 44.2 22.2 60.0
F2-Syn 8 0.22 0.11 0.35 0.13 0.03 0.25 49.3 29.4 63.7
BCP~ - 0.04
- 0.22 0.09 0.28 0.12 0.56 - 17.4 - 88.6 27.0
BCP2 0.15 0.01 0.32 0.13 0.00 0.33 40.2 3.9 62.8
BC(pooled) 0.05
- 0.05 0.15 0.20 0.10 0.35 16.7 - 16.1 40.3
BC:F~ 0.36 0.38
Approximate 90% confidence interval.
Exact 90% confidence interval.
Variance estimates for grain yield multiplied by 100.
Ratio of the pooled backcross estimate to the F2 estimate.
Evaluated at two environments.
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not significantly different from zero, although genetic
variance was expected to be present in this population.
Melchinger et al. (1988) also found that backcrossing
to the higher yielding parent resulted in a nonsignificant
estimate of genetic variance among testcross progenies.
These results suggest that it may not be possible to
accumulate favorable alleles for grain yield into one
genotype in an additive fashion as predicted by the domi-
nance theory of heterosis. These results are further evi-
dence of the importance of epistatic gene combinations
in B73 and B84.
The estimates of heritability for grain yield ranked
F2-Syn 8 > F2 > BCP~ > BCP2, which was the same as
the ranking for the genetic variance components. There
was no significant difference between the F2-Syn 8 and
F2 generations or the BCPI and BCP: generations. The
estimates of heritability for the BCPI and BCP2 genera-
tions were not significantly different from zero.
There were several negative or nonsignificant esti-
mates of genetic variance for the traits other than grain
yield (Table 3). The difference between the F2-Syn 
and F2 generations and the BCP1 and BCP2 generations
was nonsignificant for all traits. Estimates of genetic
variance in the F2 generation were significantly greater
than the BCP~ and BCP: generations for grain moisture
and ear height. Estimates of the genotype × environment
interaction variance for stalk lodging and pollen date were
nonsignificant for all generations. Relative differences
among enerations for heritability were similar to those
observed for genetic variances.
The difference in predicted selection response between
the F~oSyn 8 and the F~ generation was significant for
grain yield, grain moisture, stalk lodging, pollen date,
and silking date (Table 4). Random ating the F2 changed
predicted selection response in the favorable direction
for grain yield, stalk lodging, pollen date, and silking
date, whereas the change for grain moisture was in
the unfavorable direction. The remaining traits showed
similar predicted selection responses for the F2 and FE-
Syn 8 generations. Predicted selection responses were
generally larger in the F2 generation than in the BCP~
and BCP2 generations, although differences were not
significant for all traits. As expected, predicted selection
response ranked generations in the same order as herita-
bility for all traits.
Under low selection intensity (ix -- 20%), usefulness
ranked the generations BCP2 ~ F2 ~ F2-Syn 8 > BCP~
for grain yield (Table 4), whereas, under higher selection
intensities (~t < 1%), they ranked F2 ~ F2-Syn 8 > BCP2
> BCP1. For all other traits, except grain moisture at
the high selection intensity, the F~-Syn 8 generation had
the greatest usefulness at both selection intensities.
The superior type of segregating population under low
selection intensities for grain yield is the BCP2 generation
on the basis of the usefulness statistic. A low selection
intensity places more value on the initial mean of the
population than on the predicted selection response. The
usefulness statistic becomes more a function of the pre-
dicted selection response as the selection intensity in-
creases. Because the BCP2 generation testcross contained
nonsignificant genetic variance, the predicted selection
response for this generation was low. Thus, under high
selection intensities, the BCP2 generation did not attain
an increase in usefulness similar to that of generations
Table 4. Means, predicted selection responses [AG(a)] with 90% confidence intervals in parentheses, and predicted usefulness [U(a)] 
a selection intensity of testcross progeny from F2, F2-Syn 8, BCP1, and BCP2 generations grown at seven environments.
a = 20% a = 1%
Trait Generation Mean AG(a) CI U0z) AG(ct) C1 U(ct)
Grain yield (Mg ha-1) F2 6.98 0.23 (0.21, 0.26) 7.21 0.45 (0.34, 0.55) 7.43
F2-Syn 8 6.71 0.32 (0.29, 0.35) 7.03 0.62 (0.51, 0.73) 7.33
BCPl 6.83 0.14 (0.08, 0.20) 6.97 0.26 (0.05, 0.48) 7.09
BCP2 7.14 0.08 (0.02, 0.15) 7.22 0.16 (-0.09, 0.41) 7.30
Grain moisture (g kg-t) F2 167 8 (8, 8) 159 16 (16, 16) 151
F2-Syn 8 165 7 (7, 7) 158 13 (13, 13) 152
BCPt 167 5 (5, 5) 162 9 (9, 10) 158
BCP2 170 4 (4, 4) 166 8 (8, 8) 162
Root lodging (%) F2 1.9 0.3 (0.3, 0.4) 1.6 0.6 (0.5, 0.7) 1.3
F2-Syn 8 2.0 0.3 (0.2, 0.3) 1.7 0.5 (0.3, 0.6) 1.5
BCP~ 1.6 - ~" - - -
BCP2 2.1 ....
Stalk lodging (%) F2 13.8 0.5 (0.4, 0.7) 13.3 1.0 (0.5, 1.6) 12.8
Fz-Syn 8 13.0 1.6 (1.5, 1.8) 11.4 3.1 (2.5, 3.7) 9.9
BCP~ 13.0 0.2 ( - 0.1, 0.5) 12.8 0.4 ( - 0.8, 1.5) 12.6
BCP2 14.7 ....
Ear height (cm) F2 121 6 (6, 6) 115 11 (11, 13) 109
F2-Syn 8 118 5 (5, 6) 113 10 (10, 11) 108
BCP~ 119 4 (4, 4) 115 8 (7, 9) 111
BCP2 122 4 (3, 4) 118 7 (6, 8) 115
Pollen date~ F2 21.4 0.4 (0.4, 0.4) 21.0 0.7 (0.7, 0.8) 20.7
F2-Syn 8 21.1 0.6 (0.6, 0.6) 20.5 1.1 (1.1, 1.1) 20.0
BCP~ 21.2 0.4 (0.3, 0.4) 20.8 0.7 (0.6, 0.7) 20.5
BCP2 21.4 0.4 (0.3, 0.4) 21.0 0.7 (0.6, 0.7) 20.7
Silking date~; F2 23.1 0.3 (0.3, 0.4) 22.7 0.7 (0.6, 0.7) 22.4
F2-Syn 8 23.0 0.5 (0.4, 0.5) 22.5 0.9 (0.8, 0.9) 22.1
BCP~ 23.0 ....
BCP2 23.2 0.4 (0.3, 0.4) 22.9 0.7 (0.6, 0.8) 22.5
Not calculated because genetic variance was not significantly different from zero.
Evaluated at two environments.
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containing significant genetic variance. The F2 generation
had the greatest usefulness under high selection intensities
when compared to the BC and F2-Syn 8 generations.
Correlations
Phenotypic correlations among traits were generally
consistent across generations (Table 5). Ear height was
significantly positively correlated with nearly all other
traits in the study. Correlations of grain yield with other
traits fell into the range of _+ 0.20, with the exceptions
of F2, BCP~, and BCP2 with ear height and BCP~ with
grain moisture. Genotypic correlations were small or
unestimable, because many of the genetic variances were
small or nonsignificant (Table 5).
Melchinger et al. (1988) showed that under Model 
genotypic correlations between traits are expected to be
identical among generations regardless of whether the
correlations are due to linkage or pleiotropism or both.
There is some evidence for epistasis in the correlations
between grain yield and grain moisture and between
grain moisture and ear height, pollen date, and silking
date. In some instances, these correlations ranged from
large positive values to large negative values among
generations. These data support our earlier conclusions
of significant epistatic effects for grain yield and grain
moisture.
Effect of Random Mating in F2 Populations
A basic step of second-cycle breeding methodology,
whether using F2 or backcross populations, is the selec-
tion and crossing of inbreds to create genetic variability.
And because inbreds are used, the initial population is
in maximum linkage disequilibrium. First-cycle inbreds
were developed from open-pollinated varieties, presum-
ably in linkage equilibrium, in which little if any of
the genetic variance was locked-up by linkage. Linkage
disequilibrium in F2 and BC populations, however, may
impose a barrier to selection response (Sprague, 1963).
Hanson (1959) suggested at least one generation of ran-
dom mating before selection to break up large linkage
blocks.
Random mating the F2 resulted in a significant reduc-
tion in grain yield (0.27 Mg ha-~) because of the dissipa-
tion, by recombination, of favorable epistatic gene com-
binations that were accumulated in the parents. The
dissipation of epistatic effects by recombination is re-
ferred to as epistatic recombination loss (Melchinger et
al., 1988). The primary advantage of random mating
before selection and inbreeding is to break up linkage
blocks resulting in a release of genetic variation and
presumably an increase in the frequency of transgressive
segregates. A disadvantage of random mating before
selection and inbreeding, however, is that recombination
may break up favorable linked blocks of genes, thus
decreasing the probability of their retention in derived
progeny. The problem is further compounded if there
are favorable linked blocks of epistatic genes because
epistatic recombination loss will result in a decrease in
combining ability in derived progeny.
There was a large, but nonsignificant increase in ge-
netic variance for grain yield observed from random
mating the F2 generation (Table 3). The increase 
genetic variance and decrease in genotype × environment
Table 5. Phenotypic (above diagonal) and genotypic (below diagonal) correlation coefficients among testcross progenies of the F2, F2-Syn
8, BCP~, and BCP2 generations evaluated at seven environments.
Grain Grain Root Stalk Ear Pollen SiRing
Trait Generation yield moisture lodging lodging height date~" date’~
Grain yield (Mg ha-~) F2 0.05 -0.02 0.11 0.35** -0.02 -0.09
F2-Syn 8 0.01 - 0.13 0.01 0.18 0.08 0.01
BCPt 0.28* - 0.11 0.14 0.34* - 0.08 - 0.11
BCP2 0.16 - 0.10 - 0.05 0.28* 0.10 - 0.06
Grain moisture (g kg-~) F2 0.09 0.07 0.03 0.23* 0.47** 0.48**
F2-Syn 8 - 0.00 - 0.05 0.05 - 0.24* - 0.20* - 0.44**
BCPi 0.65 - 0.22 0.32" 0.07 0.33" 0.18
BCP2 - ~: 0.22 0.02 0.27 0.08 0.22
Root lodging (%) F2 - 0.04 0.18 0.20* 0.27** - 0.08 - 0.25*
F2-Syn 8 - - 0.16 0.23* - 0.11 - 0.12
BCP~ - - 0.12 0.36** 0.20 - 0.08
BCP2 - - - 0.18 0.31" 0.19 0.16
Stalk lodging (%) F2 - - - 0.35** 0.24* 0.18
F2-Syn 8 - 0.03 0.09 0.46 0.33** 0.07 - 0.15
BCP~ - - - 0.32* 0.21 0.21
BCP~ - - - 0.10 - 0.04 - 0.15
Ear height (cm) F2 0.53 0.27 - 0.84 0.56** 0.33**
F~-Syn 8 0.21 - 0.27 0.60 0.52 0.53** 0.26**
BCP~ 0.64 0.10 - - 0.49** 0.39"*
BCP: - 0.38 - - 0.47** 0.48**
Pollen date (d)~" F2 - 0.60 - - 0.83 0.73**
F2-Syn 8 0.18 - 0.59 - 0.20 0.72 0.66**
BCP1 - 0.30 - - 0.80 0.63**
BCP2 - - 0.12 - 0.02 0.60 0.76**
SiRing date (d)~" F2 - 0.71 - - 0.60 0.87
F2-Syn 8 0.28 - 0.61 - - 0.29 0.48 0.79
BCP~ ......
BCP2 - 0.04 - - 0.37 0.84 0.93
*, ** Significant at the 0.05 and 0.01 probability levels, respectively.
Evaluated at two environments.
Genetic correlations were not calculated if one of the genetic variance components was not significantly different from zero.
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variance resulted in an increase in heritability (Table 3)
and a significantly greater predicted selection response
across selection intensities (Table 4). Random mating
seemed to have little effect on phenotypic and genotypic
correlations (Table 5).
With the exception of root lodging, random mating
the F2 resulted in significant improvement in traits other
than grain yield, but in many cases the changes were
not agronomically meaningful. The effect of random
mating on genetic variance and heritability varied from
trait-to-trait. The most obvious effect was for stalk lodg-
ing, in which there was a two- to three-fold increase
in genetic variance and heritability following random
mating.
Any potential advantage gained by random mating
must be weighed against the time requirement for random
mating. For random mating to be efficient, the gain in
the population due to random mating must be greater
than the gain from an equivalent period of selection
within the F2 population. Although there were some
advantages to random mating for the traits other than
grain yield, there were major disadvantages for grain
yield. The increase in genetic variance observed with
random mating was due primarily to a greater frequency
of families segregating below the mean and smaller fre-
quency of families segregating above the mean when
compared with the F2 generation (Fig. 2). The distribu-
tion for the F2 and F2-Syn 8 generations did not deviate
significantly from normality, although the F2-Syn 8 gen-
eration had a significant (P < 0.10), positive value
for kurtosis indicating elongated tails. Although random
mating increased the genetic variance, the additional
genetic variance was due primarily to segregation below
the mean. The net result of random mating was increased
genetic variance at the expense of the mean.
Covarrubias-Prieto et al. (1989) observed a significant
linear reduction for grain yield after six generations of
random mating the (B73 × B84) F2. Comparing the 
and F2-Syn 5 populations of B73 × B84, they observed
an increase in the genotype × environment variance and
the heritability for grain yield. They concluded, however,
that there was no evidence that random mating was
efficient for increasing the probability of recovering de-
sirable recombinants.
Han and Hallauer (1989) also evaluated the effects 
five generations of random mating in the (B73 × B84)
F2. Their results showed little change in the genetic
variance of the population per se after random mating.
The additive genetic variance estimate was relatively
unchanged, whereas the dominance variance estimate
decreased with random mating. They concluded that five
generations of random mating did not increase the genetic
variance.
Implications for Applied Breeding Programs
Hybrid maize breeding, as it is most commonly con-
ducted (Hallauer, 1990), is extremely effective in select-
ing favorable epistatic gene combinations. Because in-
breeding is conducted simultaneously with hybrid
evaluations, favorable epistatic gene combinations can
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Fig. 2. Frequency distributions for grain yield of the testcross proge-
nies from the F2 and F2-Syn 8 generations. The mean and pheno-
typic standard deviation is given in the box for each generation.
The parental testcross means are shown with arrows in the top
graph.
ultimately be fixed in the inbreds. This breeding method-
ology, coupled with the fact that maize breeders use
related inbreds or at least inbreds from the same heterotic
pattern as parents of source populations, would tend to
maintain favorable epistatic gene combinations, espe-
cially linked epistatic combinations. Epistasis could also
explain why it has been difficult to develop improved
recoveries from some maize inbreds (Melchinger et al.,
1988).
Our results suggest that both linked and unlinked epi-
static effects were important in the (B73 × B84) 
Mo17 testcross population for grain yield and grain
moisture. The evidence indicates that there are net posi-
tive epistatic effects fixed in B73 and B84. This may
explain why B73 has been such a widely used and success-
ful inbred in maize breeding programs. The deviations
of the observed means for B84 testcrosses from Model
1 (Fig. 1), suggests that B84 contains more favorable
epistatic gene combinations than B73. This is in
agreement with results reported by Russell (1985) that
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the hybrid B84 X MolV has consistently greater grain
yield than the hybrid B73 X Mol7. Our conclusions are
limited to the (B73 X B84) X Mol7 reference population,
and without further studies, it is difficult to generalize
and conclude that epistasis is of global importance in all
elite maize hybrids.
The choice between ¥2 and BC as source populations
seems to be a function primarily of selection intensity.
For high selection intensities, the F2 is the better source
population, and for low selection intensities, the back-
cross to the better parent is the best source population.
The results are based on the usefulness criteria and,
therefore, do not entirely account for linkage and epista-
sis. Intuitively, there should be some advantage to back-
cross to the better parent when positive epistatic effects
are fixed in the parental inbreds.
Melchinger et al. (1988) concluded that the ¥2 was
likely to be the superior segregating population when (i)
the differences in the testcross means of the F2 and
backcross populations are small compared with appro-
priate genotypic standard deviations, (ii) the heritability
of the selection criterion is high, and (iii) a high selection
intensity is applied. They also indicated the generation
testcross means could be adequately predicted from the
parental testcross means when epistasis was absent. If
digenic epistasis between unlinked pairs of loci is im-
portant, the precision in predicting the testcross means
of F2, BCPi, and BCP2 generation means can be im-
proved by evaluating Fl testcrosses in addition to P1
and P2 testcrosses. Estimates of genetic variance, herita-
bility, predicted selection response, and usefulness are
not attainable without additional information.
There seems to be little advantage, and the evidence
indicates there may be some disadvantages, to recombina-
tion before selection and inbreeding. As a general rule,
we would not recommend recombination before selection
in F2 maize populations.
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